ABSTRACT We have examined the redox equilibria of azidomethemoglobin (low-spin) and fluoromethemoglobin (high-spin). We have derived a modified Hill equation which includes the tetramer-dimer equilibrium of the oxidized form, and also generalized the two-state model to incorporate ligand binding to the ferriheme. The pH dependence of the redox Hill's constant for fluoromethemoglobin is the same as that for methemoglobin, demonstrating that this dependence and the marked cooperativity achieved (n = 2.2)
rate ligand binding to the ferriheme. The pH dependence of the redox Hill's constant for fluoromethemoglobin is the same as that for methemoglobin, demonstrating that this dependence and the marked cooperativity achieved (n = 2.2)
are not coupled to changes of the ferriheme spin state. The redox Hill's constant for azidomethemoglobin, however, is as large as the oxygenation Hill's constant (n -2.7) and is also roughly pH independent.
A chief source of the ongoing interest in ligand binding to hemoglobin (Hb) rests in the allosteric properties which result from its tetrameric nature (1, 2) . In constructing a detailed scheme for the ligation process of Hb, the question can be formulated as to the existence and nature of an "allosteric trigger" (3) (4) (5) (6) (7) , the mechanism by which the ligation (or oxidation) of five-coordinate, ferroheme induces conformational changes within the protein.
The Hb tetramer can be regarded as having essentially two quaternary structures, T (unliganded) and R (liganded) (8) (9) (10) (11) . The most widely held mechanism for controlling the conformational equilibrium between R and T has been proposed by Perutz (3) (4) (5) (6) (7) . Following suggestions of Williams (12) and Hoard (13, 14) , it includes a proposed coupling between protein conformation and the spin-state of iron: the five-coordinate high-spin (hs) Fe(II) of an unliganded heme appears to lie about 0.7 A out of the mean porphyrin plane, and is considered to be held in a stressed state by tension exerted through the protein. Upon oxygenation, the Fe atom becomes low-spin (ls) and appears to move into the porphyrin plane. The resultant movement then couples to the protein through motion of the proximal histidine.
The cooperativity of the redox reaction varies markedly with pH and with the presence of organic phosphates (15) (16) (17) , in contrast to the virtually constant cooperativity of ligation (1, 2) . Methemoglobin (met-Hb), however, also exhibits a tertiary structure variability which is spin-state related (3) (4) (5) (6) (7) : the high-spin Fe(III) in aquomet-Hb is slightly outof-plane, and thus in an intermediate structure, while the Fe(III) in hydroxymet-Hb is substantially low-spin and should more nearly lie in the porphyrin plane. It has been suggested the pH dependence of the redox cooperativity has two causes, the pH dependence of the met-Hb spin state and of salt bridges between the subunits 17) .
Although a spin-state coupling contribution is quite appealing in its directness and simplicity, our results for oxygenation of coboglobin (cobalt-substituted Hb) and the redox equilibrium of manganese-substituted hemoglobin nevertheless suggested that Hb cooperativity is thot coupled to the spin-state of either unliganded (18) (19) (20) (21) (22) or oxidized (23, 24) forms. Evidence against stress in CoHb has also been presented (25) (26) (27) (28) . Similarly, Edelstein and Gibson (29) conclude that the conformation and spin-state of mnet-Hb are uncoupled.
We now directly address the question of the coupling of spin-state and cooperative redox behavior by examining the redox equilibria of fluoromet-Hb, and azidomet-Hb, as well as of met-Hb. In this way we examine the influence of pH and organic phosphate binding on a system in which the Fe(III) is either constrained to remain high spin through binding of F-, or low-spin through binding of NI-.
MATERIALS AND METHODS
Hemoglobin was prepared (30) from pooled human blood samples; carboxy-HbAo was isolated on carboxymethyl cellulose (31), concentrated by pressure dialysis, and stored under CO at 4°. Met-Hb was prepared by exchanging O0 for CO, adding 3 equivalents of K3Fe(CN)6, and desalting on a column of Rexyn-I-300 (Fisher). The resultant met-Hb was judged "unperturbed" by the criterion of Cameron (32) . Titrations were performed on a known volume of deoxygenated solution (about 15 ml) transferred under Ar to a stirred, thermostatted (24.40) titration cell mounted in a Beckman Acta III spectrophotometer. Details of the measurements will be published elsewhere.
The degree of protein oxidation was followed in the Soret region, the total heme concentration [h] typically being 11 ,uM. Because of this low concentration, redox dyes were added to be about 30 ,gM, thus acting as mediator and redox potential buffer. Mediator concentrations much lower than this resulted in an excessive equilibration time for liganded met-Hb. Monitoring both the absorbance and potential showed that met-Hb reached equilibrium within minutes; about an hour or more was needed in the fluoromet-and azidomet-Hb systems, but near equilibrium the potential was normally stable to better than 10-2 mV/min*. The reductant used in all these titrations was benzyl viologen, reduced with H2 using platinized alumina as catalyst. Performing oxidative titrations on hydroxymet, fluoromet-and azidometHb immediately after a reductive titration proved that the titrations are reversible. A fresh, degassed ferricyanide solution was used as oxidant. These controls were performed at pH 9 where there is no binding of the ferrocyanide produced (17 Table 1 .
A redox n-value, equivalent to n of the Hill equation for ligation may be obtained from the slopes of such plots through the formal equivalence (33) of the potential E, and a pressure (fugacity) of "positive electrons" or holes (e+), ln[Pe+] = EFIRT [1] Through this relation the analogy between the ligand binding and redox equilibria of Hb is emphasized, and the latter may formally be written as Fig. 1 are curved in the region Y < 0.5. This is caused by dissociation of tetrameric met-Hb into dimers.
[Dissociation of deoxy-Hb can be neglected (34) .] Protein concentrations were low, typically [h] = 11 ,uM. During the course of a reduction, the concentration of met-Hb, considered as tetramers, becomes of the order of and finally less than the tetramer-dimer dissociation constant of met-Hb, (K4,2). Under these conditions, simple mass-action considerations show that dimerization of the oxidized form will cause curvature as seen in Fig. 1 . This interpretation is confirmed by the linear plots in the presence of IHP, for the binding of IHP to met-Hb appreciably reduces K4,2 (3-7, 23, 24, 35) .
Biochemistry: Bull (Fig. 1) n-values listed in Table 1 are obtained. Results for both observed E0' and n are in substantial agreement with those of previous workers (15) (16) (17) .
In order to quantitatively incorporate the tetramer-dimer equilibrium into a description of a redox titration we follow the procedures of Clark (36) In summary, at pH 6.65, where the principal oxidized form is aquomet-Hb, the redox n-value is low and is decreased to less than 1 by the binding of IHP. At pH 9, hydroxymet-Hb is the principal oxidized species, and the reaction is markedly cooperative (n > 2). IHP does not bind at pH 9 (17) . At the pK for the aquomet-to hydroxymet-Hb transition (pH = 8.1) (1, 2), the maximal redox cooperativity has already been obtained. Neither these conclusions nor any presented below depend significantly on the correction for dimer formation (Table 1) .
For direct comparison with the results for fluoromet-Hb, experiments were also performed at I = 0.30. No significant changes in n-value were observed; the midpoint potentials are slightly higher (Table 1) .
Fluoromet-Hb. The redox equilibrium of fluoromet-Hb ([F-] = 0.3 M) has been measured. Observed midpoint potentials and redox n-values obtained directly from plots of log [Y/(1 -Y)] versus E, as described above, are listed in Table 1 . As with met-Hb, the redox n-value at pH 6.65 is low and is depressed to less than unity by IHP. However, as the pH is increased, we still find marked cooperativity (n > 2). The shapes of the plots of log [Y/(1 -Y)] versus E are quite similar to those for met-Hb (Fig. 1) , exhibiting curvature for Y < 0.5 in the absence of IHP. Applying Eq. 5 to correct for dimer formation, again using K4,2 = 1.5 X10-6 M, also gives linear plots of log J[Y/(1 -Y)]F(Y,k)j versus E.
The corrected values, n and Eo', are listed in Table 1 .
It is possible to examine the relationship between the spinstate of the oxidized form of Hb and the observed pH dependence of the redox cooperativity. For met-Hb the ratio of high-spin to low-spin Fe(III) can be calculated using the value pK = 8.1 for the aquomet-Hb to hydroxymet-Hb transition (1, 2) ; around 20°, aquomet-Hb is 100% hs; hydroxymet-Hb is about 50% hs, 50% Is (40, 41,t). At pH 6 .65 the fraction of hs oxidized hemes is about 97%; the cooperativity is low (n = 1.6 in the absence of IHP). At pH 8.1, where the cooperativity is already high (n > 2) there are -75% hs hemes, and at pH 9 (n > 2) only -54% hs.
The redox properties of Hb in the presence of F- (Table  1) can be considered in this light, using equilibrium constants obtained from Beetlestone (42, 43) ; fluoromet-Hb is 100% hs (40, 41,t) . At pH 6 .65 and [F-] = 0.3 M the composition of oxidized hemoglobin is 93% fluoromet-Hb, 6% aquomet-Hb, and 1% hydroxymet-Hb, or >99% high spin; the low cooperativity (n = 1.6) is identical to that in the absence of F-.
At pH 9, the binding constant for F-is substantially reduced, but formation of fluoromet-Hb still causes a substantial increase in the fraction of hs oxidized hemes. For [F-] = 0.4 M the fractions are 65% fluoromet-Hb, 3% aquomet-Hb, and 32% hydroxymet-Hb, or 84% high spin. This composition is nevertheless associated with marked cooperativity (n > 2).
The experiment at pH 8.1 is even more instructive. At this pH the F-binding constant is sufficiently high that for [F-] = 0.3 M the composition of oxidized Hb is 88% fluoromet-, 6% aquomet-, and 6% hydroxymet-Hb, giving 97% high spin oxidized hemes. From the results at pH 6.65 in the absence of fluoride, a value n -1.6 might be expected, whereas n = 2.2 (Table 1) . Similarly, in the presence of IHP, n = 1.7, rather than a value less than unity. Thus, the pH dependence of n in the presence of F-, a high-spin ligand, exactly mimics that for met-Hb, and the change in cooperativity with pH exhibited by met-Hb cannot be correlated with the parallel change in ferriheme ligation and spin-state.
Azidomet-Hb. Fig. 1 also presents some plots, and Table 1 observed midpoint potentials and n-values for the redox equilibria of azidomethemoglobin at saturating (42, 43) values of [N3-]. Correction for dimerization, also using K4,2 = 1.5 X 10-6 M, again removes asymmetry in the titration curve (Fig. 2) , and the corrected redox parameters also appear in Table 1. The transition from hemoglobin to azidomethemoglobin occurs with the full cooperativity of oxygenation: n = 2.7. In contrast to the other methemoglobin derivatives studied, the t Note, that by not choosing to discuss the reported n = 2.5 for hydroxymet-Hb (16), we present the maximal increase in n-value. n-value is relatively independent of pH. Furthermore, upon addition of IHP to azidomethemoglobin at pH = 6.65, the cooperativity is lowered only somewhat, n = 2.1. This effect of IHP, similar to that observed (44) in oxygenation equilibria, also differs from the other met-Hb redox reactions studied. Thus, the redox equilibrium between Hb and azidometHb (>90% Is) completely mimics the oxygenation equilibrium of Hb.
Note also that the shift in midpoint potential on addition of IHP is much larger for azidomet-Hb (AEo' = 53 mV) than for fluoromet-and aquomet-Hb (AEo' = 30 mV). Since this shift is a function of the ratio of the IHP binding constants to deoxy-Hb and to the oxidized form, the binding of IHP to azidomet-Hb is thus seen to be much weaker than to fluoromet-or aquomet-Hb.
Theoretical. The redox equilibrium between Hb and aquomet-Hb can be described by a simple extension of the expression for Y of a two-state tetrameric protein with homogeneous sites (8) (9) (10) a0(1 + a,0) + LC(H20)a0(1 + C(H20)a0) where Xi = [l]/k'R is the normalized concentration for the ferriheme-ligand, 1 = OH-, N3-, F-, etc., and kPR is the intrinsic dissociation constant for 1i from an R-state ferriheme; ci+ is the ratio of the intrinsic dissociation constants for 4, from R and T state ferrihemes, cj+ = kfR/kit. Chain nonequivalence in Hb redox has been stressed by Edelstein and Gibson (29) , generalization of Eqs. 7 and 8 is straightforward, but unnecessary for purposes of qualitative discussion. The redox equilibrium between Hb and azidomet-Hb (saturating N3-) completely mimics the Hb oxygenation equilibrium, and thus may be described by Eq. 7 using the values of L versus pH and the value of c determined for oxygenation (29); thus C(N3) = C(H2O)CN3' 0.01. This result also indicates that chain differences observed in aquometHb are suppressed in azidomet-Hb.
On the other hand, when the decrease in L with pH is taken into consideration (pH 7.0, log L 5.7; pH 9.0, log L = 3.2) the changes in n with pH for both met-Hb and fluoromet-Hb can be roughly matched (see Fig. 2 of ref. 9 ) by Eq. 7 assuming C(H20) = C(F-) 0.03-0.05, constant with pH. Thus CF+ = 1, and fluoride ion has equal affinity for R and T-state high-spin ferriheme. Using this value of C(H20), and taking c(N3-) = 0.01, in turn gives CN3+ 0.3-0.5. Thus azide has roughly a 2-to 3-fold stronger binding to a ferric R-chain than to a ferric T-chain. Such a value of CN,+ < 1 explains (45) the cooperative binding of azide to aquometHb (46) . Now the above discussion of met-Hb and fluoromet-Hb neglects the contribution to Eq. 8b from the presence of low-spin hydroxymet-Hb. In fact, the above assumption of constant c (29, 45) implicity assumes that the observed pH dependence of n for hydroxymet-Hb is independent of spin state. It seems plausible from the discussions of Szabo and Karplus (45) above, an increase of pH from 6.65 to 9 decreases c by only about 30%. Since a complete picture of oxidation must incorporate chain differences, within the semiquantitative validity of Eqs. 7 and 8, these considerations show that choosing c t C(H20) to be roughly independent of pH is indeed a reasonable first approximation, and thus that the pH dependence of n does. not require significant contributions from spin-state changes. DISCUSSION We have here shown that the increase in met-Hb redox cooperativity to n = 2.2 at high pH, although paralleled by a change in heme ligation (H20 -OH-) and a partial change to a low-spin form, is independent of these changes and can be observed when they are suppressed: virtually 100% highspin, fluoromet-Hb exhibits marked cooperativity with n > 2; manganese(III) hemoglobin, which has a high-spin (d4) Mn(III) ion and no heme-linked ionization, exhibits a pH dependence of n (23, 24) which precisely follows that of met-Hb and of fluoromet-Hb. The increase thus appears to reside in a pH dependence of the allosteric equilibrium and/ or a decrease in chain nonequivalence with increasing pH.
On the other hand, n = 2.2 appears to be the maximum obtainable with the high-spin forms, whereas azidomet-Hb exhibits n = 2.7. Whether this modest increase* is due to an effect of spin-state change on the position of the proximal histidine, to other ligand-induced changes in heme conformation (47) , or whether it is due to a distal interaction of the N3-ligand and to an abolition of chain differences in the R-state cannot be inferred from our present data. However, results for coboglobin (18) (19) (20) 25) and other studies (29) of Hb redox do not support a simple coupling between spinstate, the position of the heme-linked histidine, and cooperativity.
The present study does demonstrate the way in which ferriheme ligands can alter the redox n by changes in c. 
